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Abstract: The Malliavin-Thalmaier formula was introduced in [8] as an alternative expres-
sion for the density of a multivariate smooth random variable in Wiener space. In comparison
with classical integration by parts formulae, this alternative formulation requires the application
of the integration by parts formula only once to obtain an expression that can be simulated.
Therefore this expression is free from the curse of dimensionality. Unfortunately, when this for-
mula is applied directly in computer simulation, it exhibits unstable behavior. We propose an
approximation to the Malliavin-Thalmaier formula in the spirit of the theory of kernel density
estimation to solve this problem. In the first part of this paper, we obtain a central limit theorem
for the estimation error. And in the latter part, we apply the Malliavin-Thalmaier formula for
the calculation of Greeks in finance.
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1 Introduction

Let (Q, F, P) denote a complete probability space carrying a k-dimensional Wiener process W
andlet F: Q - R F = (Fy,...,F;), d > 2 be a random vector defined in this space. The goal
of the present article is to discuss how to simulate the probability density function of F' for d > 2
using Malliavin Calculus. Applications of this problem can be found in a variety of fields where
fundamental solutions or density functions can not be explicitely obtained. This problem has
attracted some interest due to its financial applications although we frame it here as a general
density estimation problem.

The classical integration by parts formula of Malliavin Calculus is an approach that has been
suggested by Fournié et. al. [5]. For definitions and results on Malliavin Calculus, we refer the
reader to Section 2 of this article where a brief introduction is given or Nualart [9], Theorem
2.1.4 and Proposition 2.1.5 p.102-103 or Sanz-Solé [10], Proposition 5.4 p.67.

Our starting point is an expression for the density of a smooth d-dimensional random vector
F'. This basic result can be stated as follows.

Let F' = (F1,...,Fy) be a nondegenerate random vector and G a smooth random variable.
We denote by pp¢ = E[G/F = z|pri(x), where pg1(z) denotes the density of F. Then there
exists a random variable H; 5 . q)(F;1) € LP(Q2) for any p > 2 such that

d
pra(X) = E [ [ Yooy (Fi — &) Hp o, (F; G) | (1.1)
=1
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where 11y «)(z) denotes the indicator function. Here, for i =2, ...,d,

Hyy(F;G) = 5((;(7;1)1@1?)-)7

M-

1

J

M-

H(1,...,¢)(F; G) = 5<H(1,...,171)(F; G)(Wﬁl)ijDFj) (1.2)

7j=1

Here ¢ denotes the adjoint operator of the Malliavin derivative operator D and g the Malliavin
covariance matrix of F.

In particular, we remark that ¢ is an extension of the It6 integral that also integrates non-
adapted processes and is usually called the Skorohod integral. The definition of H(; ;) (F;1) in
iterative form in (1.2), shows that in order to compute this expression one requires the calculation
of i-iterated stochastic integrals.

The Skorohod integral being a non-adapted integral is not easy to simulate in iterative form
and therefore the above expression takes a relatively large amount of time to be simulated when
d is big unless an explicit simple expression for H(; g (F; G) is obtained. Besides this problem,
one also encounters problems of high variance and therefore variance reduction methods have to
be incorporated making the problem even less tractable from an applied point of view.

Recently, Malliavin and Thalmaier [8] (Section 4.5.) introduced an alternative integration
by parts formula that seems to alleviate the computational burden for simulation of densities in
high dimension. In fact, Malliavin and Thalmaier express the multi-dimensional delta function
as

50(X> = AQd(X)7
where A = Z?Zl 88—;2 is the Laplace operator and ()4 is the fundamental solution of the Poisson

equation. Then for x € R?, they obtain the following representation for the density of F

d
pra(®) = B 3 2 Qu(F —X)Hy (F:C)| . (13)
i=1 "

Therefore one needs to simulate H;)(F; G) which involves only one Skorohod integral instead of
the previous d-iterated Skorohod integrals in (1.2).

In fact, if we partition the time interval in N intervals in order to carry out simulations of
the increments of the Wiener process, then the iterated Skorohod integrals appearing in (1.1)
will require the calculation over N cross-intervals. Instead formula (1.3) only requires Nd.

In principle, one expects then that the calculation time will be highly reduced. Nevertheless,
the high variance problem in formula (1.1) is taken to an extreme as the variance of the estimator
in (1.3) is infinite. This problem appears because the limit of %Qd(x) at x = 0 is 0o, although
the expectation in (1.3) is finite.

Therefore we propose a slightly modified estimator that depends on a modification parameter
h which will converge to the function %Qd(x) as h — 0. This will generate a small bias and a
large variance which is not infinite. Then we control the explosive behavior of the variance using
the number of simulations. This type of calculation is common in kernel density estimation
(KDE) methods where this technique has been very effective. The main difference between
traditional KDE theory and the proposal in this paper is that although the modification we
propose here is mathematically natural it does not correspond to any of the classical estimation
methods studied in KDE theory.

In order to ”tune the parameter h” (expression used in KDE, meaning how to choose h) we
obtain in Section 3 the bias of the estimation procedure. In Section 4 we study the L?(§2) error
of estimation to finally obtain in Section 5, the central limit theorem that shows how to tune the
parameters of the estimation procedure. In Section 6 we apply the Malliavin-Thalmaier formula
to finance, especially to the calculation of Greeks, in the spirit of Fournié et al [5] where the
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one dimensional examples are considered. We give an expression for Greeks using the Malliavin-
Thalmaier formula. In particular, the weights are free from the curse of dimensionality. That is,
the expression does not have a d-iterated Skorohod integral.

The article closes in section 7, with the discussion of various simulation results. In particular,
we concentrate on the simulation of the density of the stock value and volatility in the Heston
model.

In order to avoid long proofs we have moved to an Appendix all technical details leaving in
the proofs of the main theorems the essential ideas.

Also note that the expression in (1.1) corresponds to a density only in the case that G = 1.
To avoid introducing further terminology, we will keep referring to pp (%) as the ”density”.

2 Preliminaries

Let us introduce some notations and basic definitions of Malliavin Calculus. For a multi-index
a=(ag,....am) € {1,...,d}™, we denote by |a| = m the length of the multi-index.

2.1 Malliavin Calculus

Let (2, F, P) be a complete probability space. Let W be a k-dimensional Wiener process on the
time interval [0, T7.

We denote by Cp°(R™) the set of all infinitely differentiable functions f : R — R such that
f and all of its partial derivatives have at most polynomial growth.

Let S denote the class of smooth random variables of the form

F:f(W(tl)v'“vW(tn))? (21)

where f € C°(R"), t1,...,t, € [0,T], and n > 1.
If F has the form (2.1) we define its derivative D'F, i =1, ...,k as

DiF=%" %(W(tn, Wt 10 (5):

j=1
We will denote the domain of D in LP(2) by D'*. This space is the closure of the class of
smooth random variables S with respect to the norm

1

11, = {B[1FP] + B[IDF 0]

We can define the iteration of the operator D in such a way that for a smooth random
variable F, the derivative D*F is a random variable with values on L2[0, T]®*. Then for every
p > 1 and k € N we introduce a seminorm on S defined by

n
bo = E[IFP) + > B[IDTFI 0 100
j=1

1]

For any real p > 1 and any natural number n > 0, we will denote by D™P the completion of the
family of smooth random variables S with respect to the norm || - ||, . Note that D/ C D™ if
JjZzmnandp>gq.

Consider the intersection

D® =) [)D"".

p>1n>1

Then D> is a complete, countably normed, metric space.
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We will denote by & the adjoint of the operator D as an unbounded operator from L?()
into L2(; L%[0,T]). That is, the domain of §, denoted by Dom(d), is the set of L?[0, T]-valued
square integrable random variables u such that

|E[< DF,u >r20 17l < c||F[|2,

for all F € DY2, where ¢ is some positive constant depending on u. (here || - || denotes the
L?(2)-norm.) We remark here that any L? integrable adapted process u, belongs to the domain
of 4. Furthermore one can prove that in such a case d(u) is the It6 integral of w. In general, §(u)
is called the Skorohod integral of u. A property of ¢ that is frequently used is: Let G € D2 be
a real-valued random variable such that Gu € L?($, L%[0,T])), then

5(GU) = G(S(U)— < DG, u >L2[0,T] (22)

where we suppose that the right hand side is integrable.
Suppose that F' = (Fy, ..., F;) is a random vector whose components belong to the space D!,
We associate with F' the following random symmetric nonnegative definite matrix:

YF = ( < DFZ',DFJ‘ >L2[O,T] )1<ij<d‘

This matrix is called the Malliavin covariance matriz of the random vector F.

Definition 2.1 We say that the random vector F = (F, ..., Fy) € (D®)? is nondegenerate if
the matriz yr s invertible a.s. and

(detyp)™' € m LP(Q).
p=>1

It is well known that if F' is nondegenerate and G € D then pr exists and is smooth and in
particular one obtains (1.1).

2.2 Malliavin-Thalmaier Representation of Multi-Dimensional Density Func-
tions

We represent the delta function by
So(x) = AQq(x) forx e RY, d>2,

in the following sense (see Evans [4], p.25). If f is a twice continuously differentiable function with
compact support, then the solution of the Poisson equation Au = f is given by the convolution
Qg * f where the fundamental solution (also called Poisson kernel) Q4 has the following explicit
form;

1
Qa2(x) :=ay'In|x| and Qq(x):= —a;l‘xlﬁ for d > 3.

Here ay is the area of the unit sphere in R¢. The derivative of the Poisson kernel is

0 ZT;

%Qd(x) = Adw,

where i = 1,...,d, Ay := a;l and for d > 3, Ay := a;l(d —2).

Definition 2.1 Given the R%-valued random vector F and the R-valued random variable G, a
multi-index « and a power p > 1 we say that there is an integration by parts formula (IBP
formula) if there exists a random variable Hy(F; G) € LP(2) such that

@f(F)G

ox~

1P, (F,G): E - E[f(F)Ha(F;G)] for all f € Cl*I(RY).
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Related to the Malliavin-Thalmaier formula, Bally and Caramellino [2], have obtained the
following result, which gives specific conditions for the Malliavin-Thalmaier formula to hold.

Proposition 2.1 (Bally, Caramellino [2]) Suppose that for some p > 1

e

lal<R

| Qu(F - )

_Db
D pl] < oo forall R>0, acR% (2.3)

Then for X € R, we have,
(i). IfIP,(F;G), i=1,..,d, holds then the law of F is absolutely continuous with respect to
the Lebesgue measure on R% and the density Pr,G s represented as

prG(X) =E (2.4)

9
> 5y, QaF = X)H;) (F3 G)
i=1 "

(ii). If IPy,(F;G) holds for every multi-index o with || < m+ 1 then pre € C™(R?) and for
every multi-index p with |p| < m one has

alel
% ppFG =

9
Z 87 —X)H; ) (F;G)
)

The heuristic idea of the above proof is to use the IBP formula as follows

d

pra(®) = E[AQu(F - 26] = iE[a 5o QulF =396 = ) H(y (F;G)
=1

Next we impose conditions to assure that the assumptions of Proposition 2.1 are satisfied.
The proof is given in the Appendix.
Corollary 2.1 If F = (F1,...,Fy) is a nondegenerate random vector and G € D>, then the
probability density function of the random vector F is, for x € RY,

d

pra(x —X)H ) (F;G)

Assumption 2.1 From now on, we always assume that F = (F},..., Fy) is a d-dimensional
nondegenerate random variable and G € D*°.

3 Bias Error Estimation

In this section, we find the rate of convergence of the modified estimator of the density at x € R%.
From Assumption 2.1, I P, ,(F'; G) will always hold (see Nualart [9], Proposition 2.1.4, p.100 or
Sanz-Solé [10], Proposition 5.4 p.67). We start with some definitions and notations.
Definitions and Notations

1. For h >0 and x € R%, define | - |5 by

x|n =

Without loss of generality, we assume 0 < h < 1.
2. Fori=1,...,d, define the following approximation to Qg, for x € R,

—1
ay In|x|, ;d=2
QZ(X) = { -1_1 . >3

—a ) d>
d |X|h ’
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Then we have that 9

6.%1'

X
d d-
‘X’h

Qli(x)=A

3. Then we define the approximation to the density function of F, for x € R?, as

d

> Ll %)y ()| 51)

p’ﬁc(x) =E

i=1
4. Consider a function 1 which satisfies;

). neCE®Y), nx) >0 (xeRd,
it). supp(n) C {x € R |x| <1},
). [ o =1,

Rd

1i1).
iv). n(x) is symmetric, that is, 7(x) = n(y) when |x| = |y| for x,y € R%

(
(
(
(
5. For each ¢ > 0, we define 7.(x) as

6. We define 7. (x);

T4 1
i) = [ [ ey (<1 from 4)

7. We often use the spherical coordinates. To avoid long expressions we define © := (01, ..., 04)*
as the coordinate change

r©1 :=rcos(61) cos(hz2) - - - cos(04—2) cos(04-1),
r0O; :=rcos(f) - - cos(04—;) sin(04—;4+1) fori=2,....d,

where 0 <r < oo, -5 <60; < 5,i=1,...,d—2,0<0; 1 <27 Set s; =sinb;, ¢; = cost; for
i=1,...,d—1.
We will give some preparatory Lemmas for the following section.

Lemma 3.1 Form € NU{0}, let a« € {1,...,d}™, be any multi-index. Then for X = (Z1,...,2q) €
R?, there exists some constant C' such that for p > 1,

o
O Ble(F - 26| < —C

I .
0| oxe =T+ &P

e—0

Proof. 1t is enough to consider the case p € N. In such a case, we have

am
: cpy O Cove|
Lm (1 + |X[7) 55 B e (F x)G]‘ =

lim (1 -+ [%1") E [ (F — %) Ha(F, G)]|

< lim |E [n-(F = %)(1 + (|F| +&)") Ha(F, G|

< CpE [|Hq,..a)(F; (14 |F[*)Ho(F,G))|] < +o0. m
Lemma 3.2 The following holds, for X = (21, ..., &q4) € RY,

lim £/ [nE(F - &)G} = E[G|F = %]pr1(%).
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Proof. Set z; = F; —x; (i = 1,...,d). By the dominated convergence theorem and the
properties of 7., stated in 4., and Fubini’s theorem, we have for ¢ € C§°(RY),

[, (i 2= 5061) a5 = i B[ [ (et + myiac]

—E [cp(F)G]

_ /Rd P(%)B[G[F = %|pr (%)d%.

The next result gives the order of the error of the approximation to the density.

Theorem 3.1 Let F' be a nondegenerate random vector and G € D>, then for x = (Z1,...,24) €

R?,
. 1 %
PrG(X) — PFG( ) =CF hlnE+C2h+o(h),
where
d ) d ) d )
F=) CF and CF =) qCH+ > CFp+Cli g
i—1 i=1 k=1

and the constants appearing above are defined in Lemmas 8.3, 8.4 and 8.5 in the Appendiz.

Proof. As we will have to change from rectangular to spherical coordinates, set y; — &1 = 101
and y; — T; =70, for i = 2,...,d.
By using Lemma 3.2 and spherical coordinates,

pro(¥) - pFG )=8 Z (8;1; Qa(F —%) — h(F_fc)> H(i)(F§G>
i=1 ¢
d kol A
:AdZ/d (\?}Jfl—zfd B |§,Z_;;C|Z(}1L> (Elim E[%(F y) (@(F;G)})dyl...dyd

2 7’ I h, 2 B T
= / / / (/ / > 05 cay (lim (1O + %) ) drdby...dfas,
Z 3 3 7"2 -+ h) ! (a—»D € )

where Qfa(y) := E [n.(F —y)H(;(F;G)] for i = 1,...,d. Here note that the limits appearing in
the above formula exist due to Lemma 3.1 and Lemma 3.2.
Next, we consider the integral for r € [0, 1] where the following Taylor formula is used

d

1
(r@—i—x —i—Zr@Ja (x) + J;lr@(%k/ Durdy; (x+7r®)d

This leads to three terms, whose orders of convergence are analyzed respectively in Lemmas
8.2, 8.3 and 8.4 in the Appendix. Finally, the integral term for r € [1,+0c0) is analyzed in Lemma
8.5 in the Appendix. Therefore one obtains that

d d
. 1 . . .
PrG(X) = Pha(®) =Y ClahIng + Ciih+o(h) + Y CF i+ o(h) + Ciih + o(h)
i=1 G k=1

The constants are explicitly given in the Appendix.
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4 Estimation of the L?-error of the Approximation

In this section, we compute the rate at which the L?-error of the estimator diverges. That is,

d 2
E <Z ;QZ(F —X)H(F; G) —pF,G(fC)>

2
=E (Z D Qi(F 9 H(F: G)) + 2pra(X){pra(X) — phe(®) | - pre(®)? (A1)

Therefore it is enough to estimate the rate of divergence of the first term in (4.1) as the
second term converges to 0 (proved in Theorem 3.1) and the third is a constant. The term we
will calculate is then

d 2 d
(Z @i.QZ(F—@Hu)(F;G)) = Y. B[ 5 Qh(F ~ 005 QU — %) iy (F ) Hip ()
i=1 ' ¢

ij=1

Let ®F; (y) == E [n.(F —y)Hu(F; G)H(y(F;G)] for 4, j = 1,...,d.

1,5,

4.1 Cased=2

Theorem 4.1 Let F be a nondegenerate random vector and G € D*°. Then for d = 2,

2 2
6 % o 51 1 .
< oz, Q4(F —%)H;)(F; G) — pF,G(X)> =C%In w7t 0(1) (xeRY,

where C?’;‘ = Z?:l C’g‘,i and the constants Cg‘ﬂ- are defined in Lemma 8.6 in the Appendiz.

Proof. Set y; — z; = r©; for ¢ = 1,2. For ¢,j = 1,2, by using Lemma 3.2, Taylor expansion
and spherical coordinates,

| 5 QU = %) 5 QU ~ ) H (i G) i (5 G)|
= A2 /% /le+1 Tzi% {iiﬁ% <<1>ZF]5(A) + ér@k/ol %@fjg(xwyr@)dv) } drdf
A2 /27r /2|x|+1 : 3(2 (tim L6 + %) ) drdb. (4.2)

Then by using Lemma 8.6, Lemma 8.7 and Lemma 8.8, we obtain

2 1
= Zo;i1nﬁ+0(1>.

i=1
4.2 Cased>3

Theorem 4.2 Let F' be a nondenegerate random vector and G € D*°. Then for d > 3,
2
R 1 1 R d
(Z o QYF — %) Hiy (F5G) — pm(x>) ~Cigrvo(g5) Gery,

where Cf;‘ = Z;-izl C’gfi and the constants C’?;Z- are defined in Lemma 8.10.
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Proof. Let y; — &; = r©; for i = 1,...,d. For i,j5 = 1,...,d, by using Lemma 3.2, Taylor
expansion and spherical coordinates,

0 9 )

_ e [ wim i)y —3)) »
—Ad/Rd - (hm@ws( )) dyr...dyg

2 2@@ B B
[ [ [ o,
2

d 1
. ) )
X {g% <<1>ZFJ€( )+ r@k/o 99 ¢€J€(x+w@)dy> } drdf;...d0;_,

k=1

2 2@ @
+A2/ / // T h rlled=2 ey, <l1m<1>”5(x+r@)) drdfy...d0g_:.
2 2

Then from Lemma 8.10, Lemma 8.11 and Lemma 8.12, we can obtain our result.

Remark. In particular, for h = 0 one obtains that the variance of the Malliavin-Thalmaier esti-
mator is infinite. We also point out that this situation also appears in kernel density estimation
theory. In particular, one uses as estimator h™ 1K (%) where h is the tunning parameter and
K is a smooth density function with mean 0 and finite moments. In this case, the bias is of order
O(h?) and the L2-error is of order O( Iz —1>). In that situation, as we will do in the next section,
the solution is to use the sample size in order to obtain the convergence of the estimator.

5 The Central Limit Theorem

Obviously when performing simulations, one is also interested in obtaining confidence intervals
and therefore the Central Limit Theorem is useful in such a situation. In what follows = denotes
weak convergence and the index j = 1,..., N denotes N independent copies of the respective
random variables. The symbol |-], denotes the greatest integer function.

Theorem 5.1 Let Z be a random variable with standard normal distribution and let (FU) GU)) e
(D>®)? x D>, j € N be a sequence of independent identically distributed random vectors.

(i). When d = 2, set n = {hﬁ%J and N = [&J for some positive constant C fized
throughout. Then as h — 0

N 2

1 9 j o % %
szaxgg FOU —)Hy (F;0)Y —pre(x) | = \JCFz-CFC,  (5.1)
j=11=1 v

where H ;) (F; G, i=1,..,d, j=1,..,N, denotes the weight obtained in the j-th independent
simulation (the same that generates FU) and GU)).

(ii). When d > 3, set n = L ¢ J and N = LCZJ for some positive constant C' fixed

1 d
hln & 7-&-1(11.1%)2

throughout. Then as h — 0

—X)Hyy (F;G)Y — ppg(x) —  \JCXzZ-CFC.  (5.2)
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Proof. Consider

N d
1 0 o , )
n| 5 2D 5 QUEY ) H (FiG)Y — pra(%)
j=1 i=1 v
n N d 9 A ‘
=N {Z S QUFY) —)H (F36) — piaG(fc)} +1(pha(X) — pra(X)).
j=1 Li=1 77"

Due to the definition of n and Theorem 3.1 we have that the second term above converges
to —CTC. Therefore it only remains to prove a central limit theorem for % Z;V: 1 C]}-l where

d
9 o ‘ )
=D 5 QiFY —3)Hy) (F;G)Y — plyg(%).
i=1 "
Note that {th} is a sequence of the i.i.d. random variables with E[¢}] = 0.

To prove this, we compute the characteristic function of % Z;VZI (]h. By Taylor expansion,
Lemma 8.13 and Lemma 8.14,

vV —1lun N h 1 1 U h 2 N 'LL2 ’
E exp N;CJ = 1—N §TE (Cl) +N><R — exp —?Cﬁ y
where when d = 2, C, = C¥ and when d > 3, C, = C§ and set

sl (502 - 35[0

Remark 5.1 (%). In the assertion of Theorem 5.1, we can freely choose the constant C. There-
fore we have that if C is small (wrt C§), then the bias becomes small.

(ii). This theorem also gives an idea on how to choose h once n or N is fized.

(iii). The constants C’g‘ and C{‘ have explicit expressions but they seem cumbersome to compute
for each model. One alternative way to compute these constants is to perform a pilot
simulation and estimate the constants through a histogram of the left hand side of (5.1) or

(5.2).

(iv). This theorem can be applied to obtain the values of the constants C5¥ and CF which later
can be used to choose an appropiate value for h.

6 Application of the Malliavin-Thalmaier formula to Finance

In this section, we compute Greeks using the Malliavin-Thalmaier Formula. The set-up of this
section is rather general and does not refer to the financial issues. We refer to the reader to
Fournié et. al. [5] for more details about the financial background.

We consider a random vector F* = (FI', ...,Fg), uw € R™: m € N which depends on a
parameter u. We suppose through this section that F* is a.s. differentiable with respect to
p. Furthermore, we assume that F* € (D*)¢ is a nondegenerate random vector. And let
f(x1,...,zq) be a payoff function in the following class A; !

continuous a.e. w.r.t. Lebesgue measure,

— . Rd .
A= {f RE—=R: 1nd there exist constants ¢, a such that |f(x)] < IR (a>1). } ’

'Note that in the case of a put option, clearly (K — z)4 € A. Also in digital put option case, 1} xj(z) € A.
In the call cases, the results in this section if we apply the put-call parity before calculating the Greeks.

Finally if we want to compute a Greeks for call option case (z — K)y, then one uses directly g; and ¢! after
taking the derivative. Although it is known that then a localization is needed.
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Note that functions in A are bounded.
A greek is defined for f € A, as the following quantity for some j € {1,...,,m}
—ﬁﬂfwﬂnﬂﬂ
8,“/] 1295 d
As the study of the second derivative is similar we concentrate on the above quantity and just
quote the result for second derivatives in the next section.
First we give some lemmas. For i =1,...,d and f € A, set

o) = | 1 aIZ@d( x)dx,

— [ 160)5-Qlty ~x)ax.

Note that g € C®(RY) for i = 1,...,d.

Lemma 6.1 For f € ANLP(RY) (p>1) andi=1,....d

aly) — gily) ae.

Proof. For § > 0,
[0 {52 -0 - Sy s} ax
/ {%fid —x)—%g?(y—x)}d& (6.1)
w0 {50 s - Sy s} ax (62)

Note that f € A = f € LP(R?) (p > d/a). Then we take g <p<dand %+é = 1. By the
dominated convergence theorem, we have that for any ¢ > 0,

0Qq oQh
%@—J o,

| 62) | <171 (v—)

B 07 (h - 0)7
q,B(y;0)¢

where | - ||, denotes the LP(R%)-norm and || - l¢,B(y:5)c denotes the LI(B(y;§)¢)-norm, B(y;d)*
denotes the complement of the d-dimensional sphere with center y € R? and radius ¢ > 0.
Next we consider (6.1).

— %) — "y — %)} dx .
6= [ 06— {5rey -0 - ey -2 4 (6:3)

Ox;
+ f(y) /|yﬁ|§5{a%@d( X) — h(y—fc)}dfc.

As in the proof of Lemma 8.2, the second term equals 0. Therefore as 6 — 0, (6.3) converges
2 Quly — %) — 2 Qli(y — %)| dk < o,
Therefore the result follows. [ ]

to 0 due to the continuity of f a.e. and that f\y,,z\q

Remark:
From this remark and Lemma 6.1 we obtain the following convergence.

Lemma 6.2 For f € A andi=1,...,d,

EMuw]—aEMwﬂ as h — 0. -
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We denote the integration with respect to pifw?l(x) by E"[-]. That is,

— / F ) 1 (R)d5
]Rd

B19m] = 3 el )
B! f(Fm)] = S B gl (F*) sy (F*51)].
=1

The proof of this lemma is straightforward. In fact, for the proof use the Malliavin-Thalmaier
formula (2.4), multiply it by f(x) integrate and finally apply Fubini’s Theorem.
Now we consider an expression of a first derivative.

Lemma 6.3 For f € A,

Proposition 6.1 Let k € {1,...,m} be fized. Let F* be a nondegenerate random vector which
is a.s. differentiable with respect to p. Suppose that for every i = 1,....d, Hy,  q4)(F*;1) is

m
4 (F*;1) € L*(Q), and also gijk (Q) forallj=1,...,d.

a.s. differentiable in pg, %H(l
Then we have

geeay

a‘ZkEh[ ") = Z [gz (F™) Hepy(F*51)] — zd;aa Bgi(F*) Hiy (1) =

0

o 7).

Proof. Using the IBP formula d times, for i = 1,...,d, we have that the following equality

is satisfied for f = glh , Gi
FH
E[f(F“)H( )(F“ 1 / / Flz)dzH i 4z (F" 1)

For i =1,...,d, define

Yd 1 Yd u
/ / gl z)dz and G / / 9i(z

From Lemma 8.7, we have that glh, i = 1,...,d, has at most polynomial growth. Therefore the
same property is satisfied by G;‘ for ¢ =1,...,d, and then
0

o ” [Gh( “VHq.....d.0) (F“; 1”

—E Z—Gh g iH(L an (1) | +E [G?(F")aikH(L_ i (P 1)}

We consider the first term. Let y be fixed. From Lemma 8.7, gzh, 1 =1,...,d, has at most
polynomial growth, then it is bounded on [0,y1] X -+ X [0,y4]. Hence for j =1, ...,d,

—Gi(y) ash—0.

And since gzh, i =1,...,d, has at most polynomial growth, a Gh ,7 =1,...,d, has also polyno-
mial growth where the growth rate is independent of h. Hence fori,7=1,...,d,

) 8F“

5y iave? (FH)WH(L i) (F 1)

0

—G}F*) - al
8y]

as h — 0.
O

— F

LH i) (F“ 1)




July 17, 2008 Estimating Multidimensional Density Functions 13

Similarly we prove the convergence of the second term; for ¢ =1, ...,d,

0 0
E|GMF")—H N F*1)| — B |Gi(F*)s—Hq, a0 F*1)] .
7 ( )8,“]{; (1,‘..,d,z)( ) >:| |: ( )8[“4: (1,...,d,7) < ) ):|
From here the result follows in a straightforward manner. u
For i,7 =1,...,d, define
gl 0
h [ S d
h = = Q e R%. 6.4

Remark 6.1 Note that if f € A then gffj exists and is finite fori,j=1,...,d and y € R?.

Theorem 6.1 Let k € {1,...,m} be fized and let f € A. Moreover, let F* be a nondegenerate
random wvector, which is a.s. differentiable with respect to pg. Suppose that for j = 1,....d,

aF‘u
gZ J (@) a'uk

o €D, Then fori=1,...d,
Moreover if we assume that for alli,j =1, ...,d, there exists a function g; ; such that gffj (FH) —
gij(F*) in LY*e(Q) as h — 0 for some £ > 0, then

&Eh[f<Fﬂ>}:£M;E[gW>H<< )]-3

,j=1

S 8 sty (£ 25) | = 2 p[pm)] (65)
Py 9:(F*) ey "o )| o ' '
Proof. We prove the first part by using the IBP formula. For i =1, ...,d,
9 h(pu K. 9 9 w
S B[ (P Hy (F751) ] = o [ayz h(FH)
d
= o2 gh( Fu)aFJM
= Qy;0y;”" Opg
d Iz
o F
=M FE MEMH G | FP—L

where we have used Lemma 8.15. Therefore we obtain the first assertion. The second claim
follows by taking limits. u

Remark 6.2 (i). Note that the expression in Theorem 6.1 is obviously not unique. In fact,

we also have
MYH P, “
gz ) (9) a“k

d
0
> Blgl (P H (F51)| = S
- 7]
(ii). In the digital put case, we have an explicit expression of g;;, i,j = 1,...,d. That is, let
d=2 and f(x1,22) = 1(0 < 21 < K1)1(0 < 292 < K3) € A where Ky and Ko are positive

constants.
— K - K
g1,1(y) = As{arctan Y2 _ arctan 2722 _ sretan — 92 + arctan Y2 2 ,
Y1 le y1 — K y1—§1
g22(y) = A< arctan Y _ arctan 221 _ orctan — 2t + arctan =
Y2 Y2 Y2 — Ko y2 — Ko

(6.6)

912(y) = g21(y) = A2 In ((y% +y3) ((y1 — K1)? + (y2 — K2)2)>

(1 — K1) +93) (v + (y2 — K2)?)

These expressions are obtained after taking limits of gllfj(y) as h— 0 fori,j=1,2.
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(iit). In general, z'fgffj, i,j =1,...,d has an explicit representation, then one can calculate Greeks
easily. If we do not have an explicit expression for the multiple integral then one can use
a suitable approximation for multiple Lebesque integrals.

(iv). The case of second derivatives follows along a similar pattern and we only quote briefly
the result. For more details, see [11]. Let k,l € {1,....,m} be fixed. Suppose that for

~ OF' OFM 2RV
1 = 1,...,d, l,k = 17...,7’1,, Tﬂkj o’ Oprdm

i,j =1,...,d, there exists functions g;;, gii; such that (gzi,ggi,» (F*) = (i, 9iij) (F*)
in L'7¢(Q) as h — 0 for some € > 0. Then we have

€ D*°. PFurthermore, assume that for all

82 . . d d
S " [f(F )} - Y <Y E +E

t,j1=1  j2=1

OF" OF"
gl 5 (F*) Hy (F“’ = ﬂ)

" O Opg
O*FH
i (FF)H gy | F* ¢
gi (") Ql)( 5#15%)

oy v

L,1=1 { j2=1

+FE

OF! OF!
. J2 J1
" O Opw

Giijo (FF)H () (F

(v). Note that we have written the approzimation of the second derivative as part of the state-
ment. This is because in some particular situations it may be more convenient to use the
approrimation to the second derivative rather than the limit expression itself. For exam-
ple, this is the case for d = 2 and when the second derivative coincides with the density
function.

7 Examples and Simulations

In this section, we provide some simple examples of application in two cases. In the first, we
approximate the multi-dimensional log-normal density. We take this as a toy-example, to show
the performance of the Malliavin-Thalmaier method with and without regularization parameter
(i.e. h > 0or h =0). In order to be concise, we only describe the results and comment on the
important issues in the toy-example. The case of the bivariate density of the Heston model is
solved using the technique presented in this paper and using a finite difference scheme.

7.1 The multivariate Geometric Brownian motion

Consider the solution of the following stochastic differential equation,

dX;
Xi

d
= p;dt + ZJZ‘detj, X(Z) = x;. (7.1)
j=1

where W, = (W}, ..., W¢) is a standard d-dimensional Brownian motion, j; and 0;j are constants.

The density of X; = (X}, ..., X{) is the multivariate lognormal distribution. As the goal
is to compare the theoretical density with the Malliavin-Thalmaier approach with and without
regularization parameter h we only need to the formula (3.1) explicitly. In particular, we derive
an expression for the weight H; (F; G). First, define, for i = 1,...,d,

d 2
fi(z) ==y exp ((Mz - Zj:; Uij) T+ x) :

d
Xp =fi(Y_ oiWi).
j=1

gt (F*)H ) (F“‘

O?*F*
J1
" Olpk

02

~ Omduk

)

B f(
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Then, we have using the chain rule for Malliavin derivatives that
PR d oinl(-<T)

DXp =4 o fid ouWp) o D | Y oWy | = Xp :
J=1 = oiql(- <T)

Lemma 7.1 Let F' be a nondegenerate random vector then the density of F = Xp, solution of
equation (7.1), can be expressed as

det(X7) [ W] 04T
=AY E 1)+ T+ : 2
pFl dz |F,X|dz det ) {Fz + F, } (7 )
Here, ¥ := (04j)i j=1,...d and Ej, jyi=1,..,d,is a (d—1) x (d — 1) matriz obtained from ¥ by

deleting row i and column j.
Proof. The expression of H(;) does not depend on the function f. Therefore from Proposition

2.1 and Lemma 8.16 in the Appendix, we have an representation of the density prq, where
F=Xr. ]

Our approximation to the density is given by

det(X?) [ W] o4yT
=AY E ) arintSatip s BN N .
pFl d ZZ; ’F X|d Z det ) { F, + F; } (7 3)

Now we briefly comment on the simulation results. We realized the Monte Carlo simulation
of both formulas (7.3) and (7.2) and compared them with the theoretical result in the d = 2
dimensional case. In particular the parameters were

w = (0.01,0.02)
(0.1 0.2
N < 0.3 0.2 > '
The densities were then compared. In particular the Malliavin-Thalmaier formula is highly
biased in comparison with the approximative formula (7.3). The Malliavin-Thalmaier formula
exibited peaks which are due to the unstable behaviour of 3 Qd This unstability can also be
observed at a local level. In comparison the regularized verblon behaves smoothly. The choice
of h = 0.01 was an adhoc choice. In fact, the central limit theorem Theorem 5.1 states that the
weak convergence occurs as h — 0. Nevertheless one may also want to minimize the asymptotic
L2-error as it is usually done in kernel density estimation theory. This requires a minimization
procedure that can be done when the constants in the formulas appearing in Sections 3 and 4

are known. In fact, they can be obtained in practice through a pilot simulation that gives the
histogram of the error sequences in the central limit theorem 5.1.

7.2 Example: The Heston model

Now we consider the simulation of the joint density of the underlying price and the volatility in
the Heston model. First we define Heston model [6] as follows;

dsS; = pStdt+\/1Ttst{det(2) +ﬂtha>},

@ (7.4)
dve = (0 —v)dt + ke dW; ™,
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where u, 7, 0, k are positive constants satisfying ~v6 > %. This condition assures that v satisfies
the necessary differentiability and integrability properties and that it is strictly positive a.s. For
more information, we refer the reader to Alos, Ewald [1]and Section 6.2.2. in Lamberton, Lapeyre
[7]. Next we consider the following change of variables. Set X; := In(S¢/So) — pt, us = av; for
a positive constant a. Then

1 t p t 1— ,02 t
X = Xo—/ urdr—k/ \/urdWr(z)—i- / \/quWp),
2a Jo va Jo . a Jo (7.5)
up = ug — ’y/ updr + ayot + \/5/<;/ \/urdWT(Q).
0 0

In this setting we have the following facts

(i).

2 e(t)
Dg )ut =K aus‘e(s) 1[0’15](8), (76)
where
ak? f/f
e(t) :=exp < ~t s /) qu / \FdW >
and

(2)

D t D

DPe(t) = et cm — "aw @\ 1 s).
S ( ) ( ) {2 TLS < u,r% r [Oyﬂ( )

Also note that D( )ut =0 and Dg )e( t)=0.
(ii).

2
DX, = P Jas1.(s)

(iii).
DX,

Ug Ky/Ug t K/ Usg — PR/ Us
:(p\\/[;—%/ae(s)/e(r)d p\r/rdW) V1 p\ﬁ/rdw)>”().

(iv).
1(0,4(8) 10,5 (w).

(v)-

sVw

3 t 2 t
DODCy, = wyau; Y {'{ iy [7elr) y anT Vi [ elr) )

r
’U,% 4 e(w) sVw U§ "

(2)

Dy ug

fﬁ 10<s<w<t)+ Y
21/uw 2usg

(vi). Calculation of Hy(F;1) for F' = (X, u;). With the previous calculations we can apply
the Bismut-Elworthy formula (see Exercise 2.3.5 in [9]), to obtain

t
R
1—p2t Jo Vus

1(0§w<s§t)}.
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(vii).Similarly,

(2)
1 1 pPx, 1
Hipy(Fi1) = =36® [ —— | — 50 — . (7.7)
@ t { D@y, DY X, DPy,
where

|
/ dw 2
0 ngut

_ 1 te(s) @) 1 te(s) . ak? tre(r) . Vak tre(r) @)
\/a"ﬂe(t)/o Vi +2@(t)/0 wds 4y | gL [ g ame.

Uy
50 pPx, 1
pYx, D@y,

and

P ! 6(5) 1 _ 1 te r TL 1) T
T b = e b 0 ],

t r t r

p 6(7”)/ 1 W) o2 L L /6(7“)/ 1 1) o7 (1)

+ / AW aw® 4 AW D aw ),
2\/1—p2e(t) Jo Vur Jo Vs 2e(t) Jo ur Jo Vs

where we have used the fact that u; and e(t) are independent of Wt(l).

We compare the simulation results of the finite difference method for the associated par-
tial differential equation and the Malliavin-Thalmaier formula with and without regularization
parameter. We observe that the finite difference method is sensible to changes in the initial
condition although the value stabilizes around the values [5.2,5.4]. The Malliavin-Thalmaier
formula without regularization also seems to converge to a similar value but there seems to be a
bias in the results probably due to the high variance of the estimates. The Malliavin-Thalmaier
formula with regularization exhibits a better behavior with less variance. Confidence intervals
have also been computed. As before the value of h was computed by obtaining the constants CF
and C’;;‘ with a pilot simulation in the central limit theorem theorem 5.1. Then one minimizes
the L? error in a fashion similar to kernel density estimation methods.

We have not compared these results with the classical formulation that follows from equation
(1.1) as this will require a long calculation of triple stochastic integrals. As noted before, when
the dimension of the problem increases then the dimension of the multiple stochastic integrals
in (1.1) will increase while the ones using the Malliavin-Thalmaier formula will remain of order
2.

A detailed description of the simulation study will appear elsewhere.

8 Appendix

8.1 Proof of Corollary 2.1

In this section, we give a proof of Corollary 2.1.

Lemma 8.1 Forx; >0, i =1,...,d, the following inequalities hold;
(i). Ford=2 and1</§<2—%, p > 2 we have

€2 x1 p T __pP_ p_l 2p—1
Q2(y)|7Tdyrdys < Say 7 {+ x| 1 }
JR A G gy 5+

(i1). Forp>d—12>2,
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MT
lower MT --------
upper MT --------
MT withh ——
lower MT with h
upper | MT with h -

Value of density

0 1e+006 2e+006 3e+006 4e+006 5e+006 6e+006 7e+006 8e+006 9e+006 1e+007
Num. of MC

Figure 1: Simulations for the Heston model

(iii). Forp >d>2,i=1,....d,

P
T4 1| 9 p—1 d-1 2 (pn—1
< =1 )L - .
/0 /0 8%@(1(}’)’ dyy...dyg < (2) Aj {p—d + |X|}

Proof. (i). Here one performs a change of variables from rectangular to spherical coordinates
and separates the region of integration in two. The first integral is bounded by the integral over

the unit ball and the second on the complement. For the first one uses the inequality ‘ ln(r)‘ < T%

for 1 < k and 0 < r < 1. For the second integral, one uses that In(r) < r for » > 1. Then the
inequality follows after some straightforward integrations where the condition k¥ < 2 — % is used.
(ii) and (iii) are proved changing directly from rectangular to spherical coordinates. n

Proof of Corollary 2.1. The goal in the proof is to show that (2.3) is satisfied.
First, note that |Qq(x)| and ]%Qd(xﬂ (1 = 1,...,d) are symmetric. That is, |Qq(x)| =
|Qa(—x)| and [2-Qu(x)| = |52-Qa(—x)|-
p
Now, we prove that sup|y|<g E[|Q2(F —a)[»~1] < oo for all R > 0. From the above symmetric
property, the IBP formula, Lemma 8.1 and Hélder’s inequality,

% ‘FQ ag‘ ‘Fl a1| Pl
sup F F—a)|" | =sup F / / U dyid
Ia\Slz% HQZ( ) } Ia\ng 8y16y2 Q2(y y1dy2
|Fo—az2| plFi—a1] 2
—sw E| ([ [T |@u)| e | Hao (i)
la|<R 0 0

< Ty {(2_?;);_2+E[(\F|+R)?‘fp’ﬁf} [t (F51)]]” < .

Proving the inequality for general d and the derivative of Q4 follows along the same lines as
|

RS

above.

8.2 Lemmas used in the proof of Theorem 3.1

Lemma 8.2 Fori=1,...,d,

o 2m
Ayl lim @fa(f() / (r + h 2 e —dr / / @iCL{FQ <o Cg_odfy...dfg_1 = 0.
e=0 7 0 (r2+h)t 3 -3

2
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Proof. We know by Lemma 3.1 that lim._.q <IJF (%) is finite. Similarly, for fixed h we have

that f %dr is finite. Therefore the result follows from f 277 sin 6 cos™ 0df = 0 for n € Iﬂ
(r2+h

Lemma 8.3 Fori,j=1,...,d,

1 4 27
Ayl 1im iqﬁ (%) / (r? + h)> AR A / / @i@jcgl*2 g odfy - dOy
e—0 8y 0 (T2 + h 5 z -z
X 1 .
_ Cfihlnﬁ +C§ih+o(h) i fori=1j
0 ;o fori# g,
where
2w
Cx, = QA lim 7<1>F / / A2y odfy - dBg
? 4 e—0 8y g g
R 2w d >
0271- = A glil(l] ayz / /72r g Cd_2d91 ce ded—l
1 —_—
X / Mdu+lln%+Mg
0 (u2+1)2 4 9d-14 9571

and MY is a constant (defined in the proof).

Proof. 1In the case of i # j, using the same argument of Lemma 8.2, the result follows.
Next in the case of i = j, note that

27
Ay (113%8& )/ / A2y odfy - dBg
=00y 3 %

< o0.

Setu:ﬁ.

1 (r? —i—h)?—?" B 1 (u —|—1)2—u i Zl 1( )UQ(d_l)
L e ety R M T i

Clearly the first term on the right hand side has finite value. Next we consider the second term.

du

v Zz 1( ! )UQ(CH)
/ (u? + {(u2 + 1)% + ud}
ur 2du(u? + 1)1 + ¢ 4 (4u? + 2u) (ut + u2)g71
/ (u2 + 1) + (ut + u2)2

5N d—1 §-1
_Z/” (mZ < d; ! > p2d=1=0) 4 9y 2d—1 ((1 + 212> <1+ 12> - 1))
1 — u u
\F Zl 2( ) 200

(u? + 1) + (u* + u?)

du

+h

d
2

-1
X ((u2 + 1)+ (ut + u2)g> du +
1

_h d 4 1 d_ of h
4{1n<(1+h) +(1+h)2>—|—dlnﬁ—ln<2 +22)}+th,

where M/ is defined by the term within brackets [ ]. Note that the integrands in M» are of
order O(u?) as u — oo and therefore integrable. Then we define M{ := limy,_,o M. Hence

y i {ln ((1 +h)?+ (1+ h)%) ~In (Qd + 2%)} +hM
11m

h—0 h

= % (ln(2) +1In <2d + 2%)) + Mg..
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Lemma 8.4 Fori,j,k=1,....d,

2w _
/ / / ¢ +h2 r@@@kc CCq_2
g (r2+h)2

li oF O)dvdrdfy ---dfy 1) = CX. .. h h 8.1
X (EIE)% 0 aykay] Z,E(x—i_/—yr ) yaravy d 1> 31,7,k +O( )7 ( )

where

R dAd 2 1 J2 1 62 .
C¥ 0,0,0c] % cq_o | li — (X% ©)dy | drdb, --
3 %,7, k- / / g / % /0 i 9kCy Cd—2 <€£I%)/(] 8yk3y] l,s(x +ar ) 7) ravy

Proof. From I’Hopital’s Rule,
LHS of (8.1
(LHS of (8.1))

I
iy h
A 2 z z 1 d d+2
:hmd/ /2 /2 / Timgigjgkctli_Q"'cd*2
h—0 2 0 _g _g 0 2(T2+h)
X <21_1% 8yk(9y (x + ’yr@)dfy> drdfy ---dfg_1.
The result follows after applying the bounded convergence theorem. |

Lemma 8.5 For i=1,.

2T B
Ad/ / / / T + h) g rd (r"+h)2 - c‘ll 2, “Cq_9 (hm <I> (x4 r@)) drdby...d0, 1
Tz 2 (r2 4+ h)*
= Clih+ O(h (8.2)

where

27
Cii= Ad/ / / / —@ T2 eq g (;ii%@fa(xw@)) drdb,...d0g_;.

Proof. As in the previous Lemma, from I’Hépital’s Rule, we have

(LHS of (8.2))

lim
h—0
27r
= lim Ad/ / / / @ic‘li_2 ceCg_9 (hm <I> (x4 r@)) drdfy...d0;_1.
h—0 s g 7"2 + h
2 2
The result follows from the dominated convergence theorem. |

8.3 Lemmas used in the proof of Theorem 4.1

We provide some lemmas for Section 4.1. We use the same notations and assumptions in Section
4.1.

Lemma 8.6 Fori,j=1,2,

21%|+1 3 o % 1. 1 s
2 (1 &F (< r a. _ ) C5;In—+0(1) ; fori=j
43 (1im &F (%)) /0 Tl | @esdh = { o ) (8.3)

C’éi = gA2 (hm or (A)) .

1,2,€
e—0

-dfy_ .
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Proof. In the case of i # j, (LHS of (8.3))=0, as in Lemma 8.2.
Set v := —=. In the case of ¢ = j, then

2|%[+1
1 s —|—4u vh u
LHf.ZAQl‘I)FA/ /
( So (83)) ™ Q(H% zza( )){4 0 (’LL2+1 u2—|—1 d

The first term in the brackets can be computed as follows:

2|%[+1
1 VR 3 1 1
Z —  du=-<AIn (2% + 12 +h)+In="}.
4/0 (w12 2{n((|x|+)+)+nh}

We can easily find that the second term is bounded uniformly in h. m

S

Lemma 8.7 Fori,j,k=1,2,

2m r2|%[+1 4@ C") @k
AQ/ / T2 + h {5—»0/ ayk ,Js X+’YT@)dV} drdf

where C(’;‘ s a positive constant which depends on X.

< C%,

Proof. By Lemma 3.1, lim._,¢ fol sz i je(X+77©)dy is uniformly bounded. Therefore the
result follows. m

Lemma 8.8 Fori,j =1,2,

27
A2 r’0,0, (hm bF (10 + fc)) drdf| < CX,
2%|+1

7"2+h

where C;‘ s a positive constant which depends on X.

Proof. From Lemma 3.1,

27
AQ/ /2 %|+1 77: (3_2 <hm éfja(T@ +f<)) drdb

) 21 o) ?"3 C
<A —drdf
<@ [ ] e T
!/
< ¢
=1+ (%] +1)2

where C’ is a positive constant. m

8.4 Lemmas used in the proof of Theorem 4.2

We provide the lemmas used in Section 4.2. We will use the same notations and assumptions in
Section 4.2.

Lemma 8.9 Set I(n,m) = [sin" x cos™ xdz for n+m # 0. Then

sin" tzcos™ley n—1 sinttxcos™ e m—1

I(n,m)=— + I(n—2,m) = + I(n,m —2).

n-—+m n-+m n—+m n—+m

Proof. This is proved using the IBP formula for Lebesgue integrals. m
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Lemma 8.10 Fori,j=1,....d,

where if d =5, then we define Hk 20 73132 =1

Proof. In the case of ¢ # j, (LHS of (8.4))= 0, as in Lemma 8.2.
In the case that ¢ = j we perform successively the following changes of variables u := =

_ _ 1 :
u = tanT and v = arctan NG to obtain that

1 d+1 d+1 v
r \F U 1 .
5 g du = —— sin®! 7 cos® 3 rdr.
o (r*+h) hiL (u® 4 1) h2~1Jo

(i). In the case of d = 3. Then

1 /V p 3 +37r 1 371 Y 1
— sin rdr — =— = 1)
h3 16 16 1,5 16 3 ns

(ii). In the case that d (> 4) and even, we have from Lemma 8.9 that

1 Vo a4 "2y 2k S92 4 2%
dr —
P /0 S Teos e g 2Hd+2k —fld 2Hd+2k

4
1 1 3 2+2k+ 1
= o\ —— | .
ps—td—2 1% d+2k h5—1

(iii). In the case that d (> 5) is odd. From Lemma 8.9,

a—=7 da—1
1 Y a1 de3 7 [ v 3+ 2k 2 1+2k
d Z - =
| st osttrar - i ) (s
=7 d—1
7 [ ¥r 34 2k 142k 1
T H4+2k Hd—1+2k 4
k=0 k=0 h2
d—7 d—1
2 2
3+ 2k 1+2k 1 1
=\ | U d—1+0< —1>
k=0 = hz h |

27 z
2 F g 2 d—2
Ad{hm ¢’L]6( )}/O T2+h / / .. _g @16.761 Cd—2d91d0d_1
sy < > f
i 0 ;o fori=
8, h%fl hi* j (84)
0 ;o fori# g,
where
3 jus
iAZ{hm BE, ) © 02cddbs (d=3),
=
2 z z
) ! 722 Ad lm@fm )}/ /2 /2 242 ¢y 9dby...dfyy  (d>4: even),
ox — d—2 d—|—2]€ 0 _x _x
8,1 k 2 2
= d—1
7 [ Y 3+ 2k 2 142k o oy ERS
— —_— A%< lim @ Gk o Cg_odf...dOg_
4 ]H)4+2k Hd_1_|_2k d{lm iyi,e )}/0 /72r /72r iC1 Cd—2ab1 d—1
| (d>5: odd),
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Lemma 8.11 Fori,j,k=1,...,d,

n L 1d+20,0,0
2 k d-2 .
4 / /g /g/ r2+h BNCEY {213(1)/ ay LA X+7T@)d7}drd91---d9d_1

_ @) lnh> ; ford=3
0] (113> ; ford>A4.

2

Proof. By Lemma 3.1, lim€_>0(f01 6§k (x + yr©)d~y) is bounded. Set u = Then

1,5,

[ [ o s [ o
0 (r2+h 3 u2+1 &8

Hence the result follows. [

ﬁ .

Lemma 8.12 Fori,j =1,...,d, there exists some positive constant C such that

2 0o d+1@ O. .
MYy d 2, : F I
Ad/ /72T / / TQ n h Ty T Nd 1 *Cd—2 (;E}I(l] <I>Z-7j76(7‘@ + X)> de91...dt9d_1

r© + x) is bounded. Then the result follows. ]

<C.

Proof. By Lemma 3.1, lim._q <I>” <

8.5 Lemmas used in the proof of Theorem 5.1

In this section, we give some lemmas used to prove the central limit theorem.

Lemma 8.13 For any d >2 and 0 < p < 3, we have [N x R| < o(hP).
Proof. Generally, for n € N and « € R, we have

’x|n+1

“(n+ 1)l

& (VT
e/t _Z( k:!)

k=0

Then it is enough to prove the following; For any d > 2, we have E[|¢}[3] < O(l/hdfg). In fact,
3

E ‘ZQd FU —x)Hiy(F;G)WY

+3F

Ed: 38 (p’;m,g(fc))Q + (p}}<1)7G(§<)>3. (8.5)
=1

The second and fourth term have already been studied in Theorems 3.1, 4.1 and 4.2. Hence
we estimate the first and third term.
(1). Define

— X)H ;) (F; G)(l)‘

O (y) = B[ Hy (F: &)V Hi (F: )V iy (F: )| | FO =y [pga 1)

for i, j, k =1,...,d. Using spherical coordinates and Lemma 3.1, the first term of (8.5) is first
divided into two terms as follows
3

0 .
o Qu(FY =) Hy (751) 1) (8.6)

2m d+2 C,_) @ e}
: AS Z / / / </ / ) | Ldk| ‘1)1;’](5( + 7“@) e cg—odrdfy...dfg_1.
3 3 {r? +h}>2

,7,k=1

X

d 2
0 R |
+3F (Z %QZ(F(D _ X)H(i)(F; G)(1)> P}}a),G( |
i=1 ¢
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We can easily check integrability of the second term of (8.6). We consider the first term.
Set r = vhtan(r), 8 := arctan f Then there exists a positive constant M such that

M [P
smd+2 7 cos? 4 rdr

2
/ / / Z 10,0;0[c472 - cq_odby...dO .
2

2z,jk 1

(First term of (8.6))

Then we obtain the order %
h® 2

(2). Next we calculate the third term of (8.5). Set i(I)F(U( )| = E[[Hq)(F; G| | FO =
y ]pFu)’l(y) for i = 1,...,d. By using the spherical coordinates and Lemma 3.1

d
d .

E) afoi(F—X)H(i)(F; 1)

i=1

= rle
gZ/ / / {/ / } — U@L (x O [r T e g _odrdfy...dOy

=170 2 2 {r?+h}2

1

< Cdi —i_C(/i?

Vh

where Cy and C/; are some constants. This completes the proof.

Therefore as a result of above, we have our conclusion. |
Lemma 8.14
o, 1
N2 C’g‘lnﬁ—i—O(l) ; ford=2
E[(Cl)]: C&1+(1) ford> 3
——4o|(——) ; ford>3.
4 h%fl h%fl
Proof. 1In the case of d = 2, the result follows from Theorem 3.1 and Theorem 4.1. In the
case d > 3 it follows from Theorem 3.1 and Theorem 4.2. [

8.6 Lemma for Section 6

Lemma 8.15 Assume that f € A then we have that fori=1,...,d,
l9:(y)| < aly|+b and [g}(y)| < aly|+b, (8.7)
where a and b are constants which depend on d and are independent of h.

Proof. Equation (8.7) follows easily from the assumptions on f. ]

8.7 Lemma for Section 7.1
Here we obtain the weight H ;).
Lemma 8.16 Let X7, be the solution of equation (7.1), then an expression for Hjy is

d .
1 i+ det( ) Wi ouT

where j = 1,....d, ¥ := (04j)i j=1,..,a and E;-, jyi=1,...,d, is a (d—1) x (d—1) matriz obtained
from ¥ by deleting row i and column j.
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Proof. Let f € CL(RY) and e; be a unit vector whose ith component is 1 and the other
components are 0. For [ = 1,...,d, we have using the chain rule

) o
Za— f(X7)D Za— F(X7)Xhai;.

If we consider the above as a set of equations for ¢ = 1, ..., d where the unknowns are aw f(X7),
we can solve this set of simultaneous equation using Cramer s formula and obtain

9 1 - z+j i
E [ax] (XT)} =E [m z; det (3}) < Df(Xr),e: >Rd] ,

where < -,- >ga is the inner product in R?. Then using that the Skorohod integral, §, is the
dual operator of D we have that

E [8(35] (XT)} =E

1 d o N (1(-<T
o) S (~1)"* det (zg)cs% <(X§%)e> f(XT)]

i=1

Wr + JJ ‘— and from here the result follows.

i [ 1C<T) ) _
Then by (2.2), 0 ( - ) =% T x -

X
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